We measure the mass, gap, and magnetic moment of a magnon in the ferromagnetic F = 1 spinor Bose-Einstein condensate of 87 Rb. We find an unusually heavy magnon mass of 1.038(2)stat(8)sys times the atomic mass, as determined by interfering standing and running coherent magnon waves within the dense and trapped condensed gas. This measurement is shifted significantly from theoretical estimates. The magnon energy gap of h × 2.5(1)stat(2)sys Hz and the effective magnetic moment of −1.04(2)stat(8) µ bare times the atomic magnetic moment are consistent with mean-field predictions. The nonzero energy gap arises from magnetic dipole-dipole interactions.
Ultracold atomic systems provide access to simple, many-body models of magnetism with a unique set of experimental probes. Recent work has shown ordering towards ferromagnetic [1] and antiferromagnetic [2, 3] states at temperatures and coupling strengths many orders of magnitude smaller than their solid-state equivalents. Ultracold gases can realize magnetic and topological states that are otherwise difficult to access, such as those involving superfluid magnetism with multiply broken symmetries [4] , highly symmetric SU (N ) magnetism [5] [6] [7] , and novel spin lattice models [8] . However, a unique advantage of ultracold gases may lie in their access to spin dynamics through real-time measurements of the spin density and momentum distributions. In this vein, experiments have already directly imaged a quench through a quantum critical point [9] , spin-mixing dynamics [10, 11] , and magnon bound states [12] .
In this Letter, we characterize the magnetic excitations of a spinor Bose-Einstein condensate, which is a quantum degenerate gas of bosons with a spin degree of freedom [4, 13, 14] . The dominant spin-dependent interactions are spherically symmetric (s-wave), short-range collisions that are invariant under a global rotation of the spin. For a gas of 87 Rb atoms in the F =1 hyperfine ground state, as studied here, such interactions cause the gas to be ferromagnetic at low magnetic fields, with the magnetic stiffness deriving from the kinetic-energy cost of spatial variations in the ferromagnetic superfluid order parameter. Considering only contact interactions, this ferromagnet should support gapless magnons with an energy E(k) = 2 k 2 /2m * that varies quadratically with wavevector k [15] . According to mean-field theory, the magnon mass m * equals the atomic mass m [13, 14] . We present two main results. First, we demonstrate a form of atom interferometry based on the coherent propagation of magnons in an optically trapped spinor Bose-Einstein condensate: a magnon contrast interferometer. Magnon waves are imprinted optically onto the condensate, allowed to propagate, and then detected with spin-dependent in situ imaging. If magnons are truly gapless and quadratically dispersing with m * = m, then it follows that they propagate within the volume of an equilibrated trapped ferromagnetic condensate just as free atoms without the harmonic confinement of the trap [13, 14] . Our magnon contrast interferometer measures the magnon recoil frequency E(k)/ with a scheme similar to the atom contrast interferometer introduced in Ref. 16 , but it operates at 30-100 times lower momentum transfer and with an interaction-energy shift that is at least 100 times smaller than the mean-field shift found in its Bragg-interferometer counterpart.
Second, using contrast interferometry and other in situ measurements of magnon dynamics, we characterize the magnon's basic properties: the excitation gap ∆, the dispersion relation E(k), and the magnetic moment µ * . We find two significant differences from the predictions of a mean-field theory of s-wave interactions. First, similar to solid-state examples, we find a density dependent gap in the magnon spectrum caused by magnetic dipolar interactions that, together with the anisotropy of our optical trap, invalidate the assumption of continuous rotational symmetry in our system. Second, the magnon mass is measured to be 3.8% larger than the bare atomic mass, a deviation that is much larger than that predicted by beyond-mean-field (Beliaev) theory [17] .
Our experiments begin with a 87 Rb spinor BoseEinstein condensate of about 10 6 atoms held in an optical trap with trap frequencies ω x,y,z = 2π ×(4, 9, 300) Hz, the strongest confinement being along the vertical z axis. The atoms are initially polarized in the |F =1, m F =−1 hyperfine state, where the quantization axis, lying in the plane of the prolate trap, is taken as that of the nearuniform 115 mG magnetic field applied to the gas. Ferromagnetic ordering minimizes the free energy because the spin-dependent interaction c
Hz is greater than twice the the quadratic Zeeman shift, q = h×0.9 Hz at the peak density of n 0 = 1.5 × 10 14 cm −3 [1, 13, 14] .
The spin-dependent interaction c magnon spectrum of ∆ = ω L , where ω L = 2π × 80 kHz is the Larmor frequency, but this gap is accounted for completely by considering the system in a rotating frame; in this frame, the magnons remain gapless [18] .
We initialize the interferometer by imprinting a standing wave of magnons onto the condensate by performing spatially varying spin rotations of the gas. To do this, we briefly illuminate the atoms with two equal-frequency circularly polarized light beams directed nearly perpendicular to the plane of the trapped condensate and that intersect at the small relative angle ϑ, creating a long wavelength intensity modulation along the condensate axis. The optical wavevector k L = 2π(790.03 nm) −1 is chosen so that the scalar ac Stark shift is zero, while the vector ac Stark shift acts akin to a transverse magnetic field [19] . The light intensity is modulated temporally at the Larmor frequency of ω L = 2π ×80 kHz, matching the resonance condition for a two-photon Raman transfer between Zeeman states. The varying light intensity causes the spins to be rotated in spin space by a polar angle θ(x, y) ∝ I(x, y) ∝ 1 + cos(ky), where the local intensity of the light I(x, y) has the form of a standing wave with wavevector k =ŷ 2k L sin(ϑ/2). We assume here that the intensity of each beam, with 1/e 2 radius of 300 µm, is constant and equal over the area of the condensate.
For weak excitation (|θ| 1), the resulting magnetization pattern is described as a ferromagnetic condensate excited with coherent populations of magnons at three wavevectors: 0, and ±k. Allowing these populations to evolve with the magnon energies E(0) and E(k), respectively, the contrast (Fourier power) of the magnon density modulation at wavevector k after a time τ is proportional to cos
This temporal modulation thus measures the magnon dispersion relation minus the magnon energy gap. As in Ref. 16 , by obtaining our signal from the contrast of the interference fringes, and not from their phase, we remove errors due to the residual center-of-mass motion of the condensed gas in which the magnons evolve.
We detect the magnon density distribution using a new form of in situ spin-dependent imaging (Fig. 1) . In each of several consecutive images, we first apply a microwave pulse that resonantly transfers a fraction of atoms from one of the three Zeeman populations to the F = 2 hyperfine level, and then perform absorption imaging with a short and intense pulse of light that propagates along z and is resonant with the F = 2 → F = 3 cycling transition on the D2 line. The imaged atoms are rapidly expelled from the trap through light-induced forces, with no measurable impact on the remaining atoms in the F = 1 hyperfine level. These images give the in-trap column densitiesñ m F (x, y) for each of the Zeeman sub-levels, integrated along the imaging axis. For |θ| 1, we typically employ a microwave π pulse to image the entire magnon population, where the magnon column density is identical toñ 0 (x, y). Fig. 1 shows the spatially modulated magnon density as imprinted onto the condensate, and the subsequent temporal variation in the amplitude of that spatial modulation. From these images, we quantify the evolution by calculating the power of the spatial Fourier component at wavevector k. We determine k by diverting the magnon-imprinting light onto a CCD camera with calibrated pixel sizes. The angle of incidence onto the CCD matches that onto the plane of the condensate to within 10 mrad.
To gather data more rapidly, we make twenty interferometric measurements on each ferromagnetic condensate. For each measurement, we create about 2 × 10 4 magnons, image them after a time τ , expel all remaining atoms in the |F =1, m F =0, +1 states from the trap using a simultaneous microwave (F =1 → F =2) and optical (F =2 → F =3) pulse for 200 µs, and then wait several hundred milliseconds to allow the remaining atoms to reequilibrate. This method of data collection allows us to identify and correct for any accidental quadrupolar collective excitation of the ferromagnetic condensate, which would otherwise shift the contrast modulation frequency.
At several wavevectors, we examined the variation of the observed contrast-modulation frequency with the strength of the magnon-imprinting optical pulse, i.e. as a function of the m F = 0 atom number (N m F =0 ). We observe a frequency shift that varies roughly linearly with atom number, increasing by up to ∼2 Hz for N m F =0 = 6 × 10 4 (1% of the condensate number). This frequency shift may be due to nonlinear effects on magnon propagation. We adjust for this effect by fitting the observed variation and extrapolating all data to zero m F = 0 population.
Fitting the measured dispersion relation ω(k) (Fig.  1c) to the power-law form ω(k) = k α /2m * gives α = 2.04(1) stat , deviating from the expected quadratic dependence on momentum. This deviation could occur because we are probing at sufficiently large wavevectors that the quadratic approximation fails or because of an unresolved systematic error. We find the effective magnon mass (setting α = 2) to be m * =1.038(2) stat (8) sys × m. This mass is significantly larger than the predictions of meanfield (m * /m = 1) and of beyond-mean-field calculations (m * /m = 1.003) [17] based on s-wave spin-dependent interactions at zero temperature and at the peak density of our condensates.
Magnetic dipolar interactions play an important role in our system because they break the rotational symmetry of spin interactions and open up a density-dependent gap ∆(n) = E(k = 0). In an isotropic trap, Goldstone's Theorem predicts that the ferromagnetic state has gapless excitations because the spin interactions are symmetric. However, in our highly anisotropic trap, magnetic dipolar interactions create a spin-dependent energy that depends on the orientation of the spins with respect to the trap.
For an infinite two-dimensional weakly dipolar gas with uniform magnetization that is tipped by the polar angle θ with respect to an in-plane magnetic field, the magnetic dipolar field changes the Larmor precession frequency by ω ∆ = 1 ∆(n) cos θ, with ∆(n) = 2 5 µ 0 µ 2 n, where µ 0 is the vacuum permeability, µ = g F µ B is the atomic magnetic moment, g F = 1/2, µ B is the Bohr magneton, n is the peak density, and the prefactor accounts for a parabolic density distribution in the confined direction [20] . Noting that dipolar interactions are effectively short-ranged in two dimensions, we apply the local-density approximation and obtain a local value of the density-dependent magnon gap, using the above expression while replacing n with the peak density at each imaged position (x, y) in the gas.
To isolate this density-dependent shift from the effects of magnetic-field inhomogeneity, we characterize the spatial variation of the Larmor precession frequency in a manner similar to that demonstrated in Ref. 21 . After preparing a longitudinally magnetized condensate, we apply a spatially uniform radiofrequency pulse that rotates the magnetization by the polar angle θ. Following τ = 100-300 ms of Larmor precession, we use our spin-dependent imaging first to determine the Zeeman populations along the magnetic field direction (to quantify θ), and then, following a π/2 rf pulse, to characterize one transverse component of the precessed spins. From the transverse spin image, we determine the spatially dependent Larmor precession phase Φ(x, y) = (ω B (x, y) + ω ∆ (x, y))τ which we treat as the sum of two terms: ω B (x, y) determined by the spatially inhomogeneous magnetic field, and ω ∆ (x, y). The magnetic field is adequately described by its average value and spatial gradients, which vary between experimental runs, and spatial curvature, which is found to be constant between experimental repetitions. The magnon energy gap is then determined at each imaged pixel by examining the variation of ω ∆ (x, y) with tipping angle θ.
We observe a density-dependent shift in the Larmor precession frequency (Fig. 2) , indicating a magnon gap of ∆(n) = h × 2.5(1) stat (2) sys Hz at the center of the condensate. The systematic uncertainty is dominated by an uncertainty in the atomic density in our slightly anharmonic trapping potential. The measured value is consistent with our estimate of
35 Hz, where we assume a harmonically trapped sample and calculate n 0 from the measured trap frequencies and total atom number.
This observed gap suggests an explanation for the unusually large value of m * . The dispersion relation measurements are taken at low momentum, where the wavelength of 9-22 µm is larger than the vertical ThomasFermi radius of the condensate R T F = 1.7 µm and the dipolar healing length / µ 0 µ 2 mn ≈ 4 µm. At higher momentum, we would expect the dispersion relation to connect to that of a uniform three-dimensional spinor gas. Understanding the crossover in the magnon spectrum from (effectively) two-to three-dimensions merits theoretical work.
Finally, we discuss our measurement of the magnon magnetic moment. Neglecting interactions, a single magnon excitation, generated by infinitesimal rotation of a fully magnetized gas in the |F =1, m F =−1 hyperfine state, is simply a single atom in the state |F =1, m F =0 . This atom's magnetic moment has a zero-valued projection along the axis defined by the ferromagnetic order parameter. However, measured against the "magnon vacuum" (the ferromagnet), the magnon magnetic moment µ * is non-zero and, in the non-interacting limit, equal in magnitude to the atomic magnetic moment µ = g F µ B .
To measure µ * , we prepare a fully magnetized condensate in the presence of a magnetic field gradient of strength B , which displaces the equilibrium position of the condensate within the optical dipole trap. We then create a spatially localized magnon pulse, comprised of about 5000 magnons, again using amplitude-modulated light with wavevector k L , but modifying the optical setup so that a single light beam is focused to a small (12 µm radius) spot. Magnons created in the displaced condensate experience a chemical potential gradient, which leads to a differential force µ * B between magnons and the ferromagnet in which they are excited. As expected, we observe that the magnon accelerates uniformly while the condensate remains still. From measurements of the magnon position versus elapsed time (Fig. 3) we determine the magnon acceleration, and, therefrom, the ratio µ * /m * . We independently determine B with a magnetometer sequence similar to the one used to determine the gap [22] .
The ratio µ * /m * = −1.04(2) stat (8) g F µ B /m is consistent with the mean-field prediction, where the mass m * is determined from magnon contrast interferometry. The 8% systematic error, dominated by the uncertainty in the imaging magnification, lacks the resolution to confirm the heavy magnon mass observed above.
We have demonstrated a toolkit to create coherent magnons and measure their basic properties in an ultracold Bose gas. While the measured magnetic moment and many-body gap are close to the mean-field theoretical expectations, we find that the magnon mass is substantially heavier. The accuracy of the measurement provides a challenge to theoretical calculations. Moreover, the techniques demonstrated here can be applied to other intriguing ultracold systems, including the nonferromagnetic spinor gases and dipolar gases.
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